INTRODUCTION
Bowman-Birk inhibitors (BBI) are small serine proteinase inhibitors found in the seeds of legumes in particular (1) . Characteristically, their molecular masses are in the 6-9 kDa range.
They are single polypeptides and comprise a binary arrangement of two sub-domains with a conserved array of seven disulfide bridges, which play a prominent role in the stabilization of their reactive site configuration (2, 3) . These inhibitors interact, simultaneously and independently with two (not necessarily identical) molecules of proteinases (4) without any conformational change (5) . The BBIs have two tandem homology regions comprising a consensus motif of three β-strands, each with a kinetically independent reactive site on the outermost exposed loop that adopts a common canonical conformation, similar to that of a productively bound substrate (1) .
In addition to protease inhibitory activity, the anticarcinogenic activity and radioprotective activity of BBIs from legumes have been widely studied (6) . Immune stimulating properties of these inhibitors have also been reported (7) . The BBIs have been implicated to play a vital role in the arsenal defense mechanism that plants use to protect against insect predators and against environment hazards during germination and seedling growth.
Despite extensive studies on BBIs, only a few three-dimensional structures have been solved by X-ray or by NMR. These include the X-ray structure of PI-II from tracy bean (8) , A-II remains to be the highest resolution of a BBI to date (16) . The X-ray structure of a novel and unique monofunctional 14 amino acid residue cyclic peptide, from sunflower seeds, complexed with trypsin, has exhibited both sequence and conformational similarity to the trypsin reactive site loop of BBIs (17) .
Horsegram (Dolichos biflorus), is a pulse crop native to South East Asia and Tropical
Africa. Four isoforms of BBIs, from horsegram seeds, (18) have been isolated. The complete primary structure of the major isoform HGI-III has been determined (19) . Three linear epitopes of the major inhibitor have been mapped, of which one contains the chymotrypsin inhibitory site (20) . The role of disulfide linkages in maintaining the structural integrity of horsegram BBI was established by circular dichroism and fluorescence studies (21) . Horsegram BBI followed the "two state" mode of unfolding and oxidative refolding of the BBI was possible only at very low inhibitor concentration in a disulfide-thiol buffer (22) . The three new isoforms that appear upon germination of horsegram seeds (23) are derived from the dormant seed inhibitors by a limited proteolysis during germination and not by de novo synthesis (24) . The inhibitors of horsegram (HGIs) are single polypeptides of Mr 8.5 kDa. SDS-PAGE and analytical gel filtration indicate the Mr to be ~ 16 kDa (18) , suggesting that they exist as dimers in solution. Such self-association and anomalous behavior on SDS-PAGE resulting in a large overestimation of Mr has been reported for several legume BBIs (25) (26) (27) (28) . Many of the BBIs tend to undergo self-association to form homo dimers or trimers or more complex oligomers (29) . The three dimensional model of the black eyed pea BBI-chymotrypsin complex (15) and light scattering data (30) suggest that the inhibitor molecules are in continuous equilibrium between monomers and several forms of multimers. The data available on the protein-protein interactions, responsible for the selfassociation of BBIs, is sparse. In contrast to the dry seed inhibitors (HGIs), the inhibitors of germinated horsegram seeds (HGGIs), derived from the dry seed inhibitors, are single polypeptides of Mr ~ 6.5 -7.2 kDa and exist as monomers (24) . In an attempt to understand and elucidate the structural features that contribute to the self-association of HGIs in solution, the primary structures of the HGGIs has been determined. The significant difference between the primary structures of inhibitors from the germinated seed (HGGIs) and the inhibitor from the dormant seed (HGI-III), is the absence of the charged carboxy-terminal tail and varied truncation at the amino-terminus. This observation and the ability of HGI-III to self-associate and form dimers suggest that the structural elements responsible for this phenomenon occur at either the carboxy-and/or the amino-terminus.
The dimeric crystal structure of the pea seed BBI, PsTI-IVb (5) from Bangalore Genei, Bangalore, India. All the other chemicals used were of highest purity.
Purification of isoinhibitors from horsegram
Dormant seed inhibitor (HGI-III) and horsegram germinated inhibitors (HGGI-I, -II and -III) were purified as reported earlier (18, 24) .
Trypsin inhibitory assay
The amidase activity of trypsin and its inhibition was assayed using the chromogenic substrate BAPNA as described earlier (24) . One unit of trypsin enzyme activity is defined as the increase in the absorbance of 0.01 at 410 nm under the assay conditions. One inhibitory unit is defined as the amount of inhibitor, which reduces the enzyme activity by one unit.
Protein sequencing
Reduction and alkylation of HGGIs with 4-vinyl pyridine was carried out as described for the dry seed inhibitors earlier (18) . The pyridylethylated (PE) -HGGIs were cleaved with TPCKtrypsin and endoproteinase Asp-N according to Aitken et al., (32) . The PE-HGGIs were cleaved at the Met residue using a 50 fold molar excess of cyanogen bromide in formic acid over Met residues. Excess reagents were removed by repeated dilution and freeze-drying (33) . The lyophilized digests dissolved in 0.1 % trifluoroacetic acid (TFA) and peptides were purified by HPLC using a C-18 reverse phase column (Phenomenex ODS column, 250 × 4.6 mm, 5 µ) with 0.1 % TFA/CH 3 CN (7:3) linear gradient. The peptides were detected at 230 nm. The peak fractions were further rechromatographed using the same column and solvent system. The peptides were subjected to Edman analyses on an automated gas phase protein sequenator (Shimadzu PSQ-1).
Size-exclusion chromatography
Size-exclusion measurements were performed using a BIOSEP-SEC-S 3000 (300 × 8 mm, exclusion limit: 700 kDa for globular proteins) column on a Waters Associate HPLC equipped with a binary gradient pumping system and Waters Model 1296 photodiode array detector. The column was pre-equilibrated with the corresponding buffers prior to sample loading. The column was calibrated using a mixture of standard proteins, alcohol dehydrogenase (150 kDa), bovine serum albumin (66 kDa), carbonic anhydrase (29 kDa), cytochrome C (14.4 kDa) and HGGI-III (6.4 kDa).
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SDS-PAGE analysis of Zn 2+ induced HGI-III monomerization
The inhibitor was incubated in the presence of 1 mM ZnSO 4 for 1 h. The sample was then boiled with sample buffer for 5 min and separated by SDS-PAGE (17.5 % T, 2.7 % C) at pH 8.8.
The separated proteins were then stained with 0.1 % Coomassie brilliant blue.
Chemical modification of HGI-III
Diethyl pyrocarbonate (DEPC) was used to modify His residues. DEPC solution was Arginine residues of HGI-III were modified by the reviewed method of Smith using 1, 2-cyclohexanedione (35). HGI-III was dissolved in 0.2 M sodium borate buffer, pH 9.0 (0.1 mg/mL) and reacted with 0.15 M 1, 2-cyclohexanedione at 35 °C for 2 h. The reaction mixture was acidified using 30 % acetic acid and dialyzed against 10 mM acetic acid to remove excess reagents. The sample was concentrated and evaluated by SDS-PAGE.
Lysine residues of HGI-III were modified at 25 ± 2 °C using citraconic anhydride (36) .
HGI-III (1 mg/mL) was dissolved in water and the pH adjusted to 8.0. Citraconic anhydride (1 µL/ mg of protein) was added to the solution and maintained at pH 8. The modified inhibitor was desalted and analyzed for the monomer-dimer status by SDS-PAGE as described earlier.
Modeling of HGI-III dimer
The sequences of BBIs from leguminous plants were obtained from the NCBI protein sequence database and aligned using the Clustalw multiple alignment algorithm (37) . Of these, a crystal structure for the pea BBI inhibitor was available from the Protein Data Bank (PDB:1PBI).
The sequences of the monomeric HGGI-III and dimeric HGI-III were highly similar to that of the pea inhibitor, enabling building their models by standard homology modeling techniques.
Models of HGI-III and HGGI-III were built using the Biopolymer module in InsightII (Accelrys Inc.,) and energy minimized using DISCOVER. Quality of the structure was measured using PROCHECK (38) . A single residue insertion at position 37, that forms part of a loop, was observed in HGI-III and HGGI-III, with respect to the crystal structure template. An analysis of related crystal structures in PDB using DALI (39) and Insight-II, indicated that the structure of BBI proteinase inhibitor PI-II (1pi2) contained a similar insertion at the same position. The insertion in the loop is therefore modeled based on this structure. Visualization and analysis of the structures were carried out using Insight-II.
Thermal Stability Studies
The purified inhibitors were dissolved in water and incubated at 95±1 °C in a constant temperature water bath. Aliquots were removed at regular time intervals, immediately cooled on ice and assayed for residual trypsin inhibitory activity as described earlier.
RESULTS

Primary structure of the HGGIs and comparison of their sequences
The complete amino acid sequences of HGGI-I, -II and -III comprising of 66, 65 and 60 residues respectively were obtained by automated sequencing analysis of the proteins and 
SDS-PAGE and Size Exclusion Chromatography
SDS-PAGE analysis of HGGI-III indicates it is a single polypeptide of Mr ~ 6.5 kDa chemically modifying Arg and Lys residues of HGI-III have been studied. Chemical modification of these residues may disrupt such a subunit interaction in HGI-III leading to the formation of monomers.
Chemical modification of Arg and Lys residues of HGI-III
The Lys residues of HGI-III were chemically modified using citraconic anhydride.
Citraconylation resulted in the acetylation of the free ε-amino group of Lys. SDS-PAGE of the modified HGI-III revealed an increased relative mobility compared to the unmodified inhibitor 
Effect of Zn 2+ on the self-association of HGI-III
The changes in the monomer-dimer status of HGI-III, in the presence of Zn 
Comparative evaluation of BBI amino acid sequences in relation to monomer-dimer status
The BBI sequences of legumes were aligned to further evaluate the probability of such a unique interaction, between the first reactive site residue and Asp/Glu at carboxy-terminus Table 1 ).
ii. These observations strongly support the fact that the unique interaction between the Arg/Lys at P 1 of the first reactive site of one subunit and Asp/Glu at the carboxyl-terminal of the 
Homology modeling of the HGI-III dimer
The sequences of HGI-III and HGGI-III are identical to each other except at the aminoand carboxy-termini, which clearly indicates that the same subunit structure is exhibited by both the molecules and the changes between them are restricted to the two termini. The models Figure 1 ) and therefore cannot form the dimer, correlating well with the observation of a monomer from biochemical studies (24) .
Thermal stability of HGI-and HGGI-III
To understand the effect of the monomer/dimer status upon the physiological properties the thermal stability of the inhibitors was evaluated. Figure 9 represents the changes in trypsin inhibitory property at 95 °C. For HGI-III, relatively little or no changes in the trypsin inhibitory activity was observed upto 6 h ( Figure 9 ). Although the stability of HGGI-III was comparable to HGI-III upto 3 h, HGGI-III lost 50 % of its activity after 6 h incubation at 95 °C. The decrease in the thermal stability lead to the suggestion that the dimeric form of the inhibitor is more stable than the monomer.
DISCUSSION
Legume seeds are well known for the large protein reserves in their cotyledons and also for their levels of protein-proteinase inhibitors active against mammalian pancreatic proteinases.
The BBIs present in the resting horsegram seed rapidly disappeared with the concomitant appearance of new active species during germination. To correlate the structure and stability of these interrelated variant forms at the molecular level, the amino acid sequence of the multiple inhibitors during germination was established. Multiple sequence alignment of legume BBIs reveal that the P 1 residue and the first reactive site in all the BBIs is one of Arg, Lys or Ala ( Figure 7 ). This is consistent with the inhibition of trypsin or elastase at the first reactive site. This residue for HGI-III is Lys 24 (19) .
The Arg Table 1 ). The BBIs that inhibit trypsin at the first reactive site (having Lys/Arg) but lack the carboxy terminal Asp/Glu residues exist as monomers. HGGI-I, II and III which inhibit trypsin and are lacking in the carboxy terminal ( Figure 1 ) exist as monomers in solution (24) .
The BBIs that inhibit trypsin at the first reactive site and possess Asp/Glu residues at the carboxy terminal exist as dimers in solution (Table 1 ). These observations strengthen the premise that the interaction between Lys and Asp is the essence of self-association of HGI-III. This observation can be further extended to other BBIs whose primary structure and state of association are reported ( Table 1 ).
The structure of soybean BBI determined by two-dimensional 1 H nuclear magnetic resonance spectroscopy and dynamical simulated annealing (10) , also reveals that the antichymotryptic domain at the carboxy-terminus is fully exposed and is presumably the location of the self-association surface of BBI. The second trypsin inhibitory domain of P-II, analogous to the chymotrypsin inhibitory domain has numerous crystal contacts between protein molecules in the trimers (10) The dimer formation may sterically block the chymotrypsin-binding site on one monomer. This, probably, accounts for the number of chymotrypsin bound to HGIs determined by activity titration, being less than unity (18) . The HGGIs, which are monomers show a 1:1 ratio for both trypsin and chymotrypsin, respectively (24) . HGI-III is highly homologous with BBIs has been suggested to stabilize conformation of the second reactive site and protect it from enzyme attack. The dimer is more thermostable than HGGI-III ( Figure 9 ). Most of the exposed hydrophobic residues of the monomeric PsTI-IVb (5) and BTCI (15) The arrows are between the P 1 -P 1 ' residues of the reactive site. Abbreviations used are as described in Table 1 . 
